Abstract This study treated the isolation and passage of muscle-derived stem cells (MDSCs) from rat penile corpora cavernosa, detection of stem cell marker expression, observation of their self-renewal and continuous proliferation, and demonstration of their potential to differentiate into smooth muscle cells in co-culture. Muscle-derived stem cells from the rat penile corpora cavernosa were isolated and purified. The expression of stem cell markers Sca-1 and desmin was detected in PP6 cells, thus confirming that the main components of PP6 cells are MDSCs. The expression of Sca-1 and desmin occurred both in PP6 cells and cells at passages 3, 6, and 8, and there was no significant decrease in the expression level with increasing passage number. The growth curves indicated that the cell doubling time was approximately 48 h. The cells entered the stationary phase after approximately 7 days of culture. The proliferative activity of the cells at passage 8 remained unchanged. After 2 days of co-culture with smooth muscle cells, the DAPI-labeled MDSCs tended to exhibit smooth muscle cell morphology and expression of a-SMA was detected. MDSCs exist in the rat penile corpora cavernosa and possess the potential to differentiate into smooth muscle cells. This discovery serves as the basis in view of the potential use of endogenous stem cells for the treatment of erectile dysfunction (ED).
Introduction
With constant advances in molecular biology, stem cell technology has become a major focus of biomedical research. Although stem cell research for the treatment of erectile dysfunction (ED) is still at the stage of animal experiments, a new therapy for ED may be developed in the future after further studies have been performed. Some studies confirmed that embryonic stem cells can be used for the treatment of neurogenic ED (Eglitis and Mezey 1997) . Studies of the effect of mesenchymal (Bivalacqua et al. 2007; Qiu et al. 2012) , human neural crest (Song et al. 2008) , and adipose tissue-derived stem cells (Albersen et al. 2010; Garcia et al. 2010; Huang et al. 2010) on ED treatment have also been performed by other researchers using intracavernous injection of these cells in rats. The results indicated that ED could be improved to a certain extent when treated with these cells. However, exogenous stem cell transplantation is associated with transplant rejection, and this treatment involves different degrees of complexity with regard to stem cell harvesting, isolation, and culture. In addition, the application of embryonic stem cells is further limited by the possibility of dysembryoma development and ethical issues. Vernet et al. (2005) found that cultured penile tunica albuginea cells had the potential to differentiate into bone-and fiber-forming cells in vitro, and also detected the expression of the stem cell antigen CD34 in these cells. Nolazco et al. (2008) also detected the stem cell markers Sca-1 and CD34 in the penile corpora cavernosa of normal rats. Therefore, they concluded that endogenous stem cells existed in the penile corpora cavernosa and believed that the impaired or dysfunctional smooth muscle cells or endothelial cells could be displaced when proliferation and differentiation of these stem cells are stimulated. Based on these findings, we believe that the application of endogenous penile corpora cavernosa stem cells will be a promising treatment option for both the symptoms and causes of ED.
Approximately 40-50 % of the corpora cavernosa tissue is composed of smooth muscle, which serves as a major effector of penile neuromodulation. These smooth muscle cells are widely distributed in the vascular walls and the trabeculae of the corpora cavernosa in a connective tissue framework, and play an important role in penile erection. The majority of the penile corpora cavernosa stem cells are smooth muscle-derived stem cells (MDSCs), which play an essential role in the maintenance and recovery of erectile function. Therefore, in the present study, we focused on the isolation and passage of MDSCs and observed their potential to differentiate into smooth muscle cells. The enzymatic digestion, density gradient centrifugation, and differential adhesion methods were used in this study. Isolation, purification, expansion, and passage of the rat penile corpora cavernosa MDSCs were performed. The expression of stem cell markers was detected, and the process of self-renewal and continuous proliferation of the MDSCs as well as their potential to differentiate into smooth muscle cells in co-culture was observed. The present study was performed to provide empirical evidence to support the theory of the application of endogenous MDSCs for the treatment of ED.
Materials and methods

Ethics statement
All studies adhered to current American Veterinarian Medical Association (AVMA) Guidelines and were approved by the Ethics Committee of the Second Affiliated Hospital of the Suzhou University.
Isolation and purification of rat penile corpora cavernosa MDSCs Healthy 2-month-old male Sprague-Dawley rats, weighing 180-200 g, were used for this study. The surgical procedure was performed under general inhalation anesthesia with diethyl ether. An incision was made in the lower abdomen and the tissues were carefully separated to expose the penile corpora cavernosa tissue, which was removed and cut into small pieces measuring 1 mm 9 1 mm 9 1 mm. The rats were sacrificed via cervical dislocation. The smooth muscle cells were isolated using the enzymatic digestion method as described elsewhere (Nolazco et al. 2008 ) and the expression of the smooth muscle cell marker alpha smooth muscle actin (a-SMA) was detected using immunohistochemistry methods. Type II collagenase (Shanghai Yuanju Bio-Tech Co., Ltd., Shanghai, China) was used for enzymatic digestion to achieve a single-cell suspension from the penile corpora cavernosa tissue. Then, density gradient centrifugation and the preplate technique based on differential adhesion were used, and adherent cells preplate 1 [PP1] were acquired, followed by repeated preplating procedures, until preplate 6 (PP6) cells were acquired Nishimori et al. 2012; Nolazco et al. 2008 ), then we confirmed that the PP6 cells were primarily composed of MDSCs.
Identification and flow cytometric analysis of PP6 cells to identify whether the main components are MDSCs
Immunofluorescence cytochemistry was used to identify the MDSC markers Sca-1 using anti-Sca-1 (UCL, Houston, TX, USA) and anti-desmin (Dako, Glostrup, Denmark) antibodies in PP6 cells. The adherent PP6 cells were collected and fluorescence staining was performed for Sca-1 and desmin after adjustment of the cell density. Flow cytometric analysis was used to determine the number of positively stained cells. The detail of flow cytometric analysis is as below. The medium was removed, 0.25 % trypsin solution was added, the cell suspension was centrifuged for 5 min, and the pellet was washed twice with PBS. The cell concentration was adjusted to 1 x 10 7 cells/mL. Cells were incubated in 100 lL of intracellular fixation buffer (PBS containing 4 % paraformaldehyde) for 15 min to fix the cells, washed with PBS, and collected by centrifugation. One hundred microliters of permeabilization buffer (0.1 % saponin and 0.009 % sodium azide) was used to permeabilize the cells. Then, the primary antibodies (anti-Sca-1 and anti-desmin; 1:50) and IgG isotype control antibodies were added and incubated at room temperature for 40 min, cells were washed twice with PBS, the corresponding FITClabeled secondary antibody (1:50) was added and incubated at room temperature in the dark for 30 min, and cells were washed once with PBS. Then, 500 lL of PBS was added and the number of positive cells was detected using flow cytometry (FACS Calibur, BectonDickinson, Franklin Lakes, NJ, USA). The number of Sca-1-and desmin-positive adherent PP6 cells was determined thrice and the mean values were adopted.
MDSC passage and establishment of growth curves to clarify their self-renewal and continuing proliferation capacity of stem cells
The cells were passaged when they reached 70 % confluence 14-16 days after primary culture. The adherent cells were digested and isolated into a single-cell suspension. Then, the cells were seeded into several 25-mL culture flasks at a density of 1 9 10 6 cells/mL. The cells were randomly sampled each day from the flasks for digestion and counting. Growth curves were established using the mean values of the cell numbers. The cell growth curves at passages 3, 6, and 8 were used for analysis. Digestion, collection, and counting of the cells were performed on days 1-7. The growth curves of the smooth muscle cells and MDSCs were established, and the doubling time was calculated.
DAPI labeling of MDSCs of penile corpora cavernosa
A sterile 4 0 -6-diamidino-2-phenylindole (DAPI) stock solution was added to the media of selected passage-3 MDSCs at a final concentration of 60 mg/L, then the cells were incubated at 37°C for at least 30 min. The cells were washed with phosphate-buffered saline (PBS) at least 6 times to remove unbound DAPI. Then, observation of the growth features and biological activity of MDSCs in terms of molecular and cellular structures was performed.
Differentiation of MDSCs induced by co-culture and differentiation marker identification to confirm their differentiation potential Passage-3 MDSCs were digested and centrifuged, and the supernatant was removed. The cells were resuspended in complete medium and the density of the cells was adjusted to 1 9 10 3 cells/mL. The cells were seeded into 6-well plates, and an equal number of penile corpora cavernosa smooth muscle cells was added to each well for co-culture. Plates with wells containing only the passage-3 MDSCs were prepared as the control group. The co-cultured cells were observed under an inverted microscope. After 2 days of co-culture, the expression of a-SMA was detected in both the experimental group and the control group.
Statistical analysis
The data were expressed as mean and standard deviation (X ± SD). The Statistical Package for the Social Sciences (SPSS) version 17.0 software was used for t tests. Results were considered statistically significant when P \ 0.05.
Results
Morphological changes of PP6 cells
The adherent PP6 cells decreased significantly in number and size compared to the PP1 to PP5 cells. The speed of cell attachment was slow and the refractive index of the cells was high. These cells were primarily round, fusiform, or spindle-shaped. The proliferation rate was low, and there were also a few cells observed in suspension (Fig. 1a) . After 72 h of culture, the PP6 cells increased in number and were scattered evenly. The cells were primarily fusiform or spindle-shaped, while some appeared morphologically irregular (Fig. 1b) . After 5-7 days of culture, there were essentially no cells in suspension, and the adherent cells showed pronounced proliferation, with numerous cells at different phases of cell division. The density and size of the cells increased significantly after gradual expansion. The cells showed striking morphological changes, with the presence of long spindleshaped adherent cells (Fig. 1c) . The proliferation of these adherent cells was still observed at days 12-14 and the cell density increased significantly (Fig. 1d) . At days 14-16 of culture, a sufficiently high confluence percentage was observed, thus enabling further passaging (Fig. 1e ).
Passage and establishment of growth curves of PP6 cells
After multiple passages, the cells grew and attached in an even distribution with a high proliferation rate. The numbers of PP6 cells at days 1-7 of culture were calculated using a cell counting method. The growth curves were established based on the numbers of the cells (Fig. 2) . The cell doubling time was approximately 48 h. The cells entered stationary phase after about 7 days of culture. The proliferation capacity of the cells remained unchanged up to passage 8. As the passage number increased, the doubling time slightly increased, while the proliferation activity remained high.
Identification of penile corpora cavernosa MDSCs
The expression of Sca-1 and desmin was observed both in PP6 cells and in the selected PP6 cells at passages 3, 6, and 8. The expression of Sca-1 and desmin did not decrease with increasing passage number. (Fig. 4) , thus reflecting that MDSCs are the main components of PP6 cells.
Induced differentiation of MDSCs into smooth muscle cells DAPI-labeled penile corpora cavernosa MDSCs (10 3 cells/ml) were co-cultured with an equal number of penile corpora cavernosa smooth muscle cells (Fig.  5a, b) . After 2 days of co-culture, immunofluorescence cytochemistry revealed that a-SMA was expressed in the DAPI-labeled MDSCs in the experimental group, while no expression of a-SMA was detected in the DAPI-labeled MDSCs in the control group (Fig. 5c, d ).
Discussion
Muscle-derived stem cells have generated great interest in recent adult stem cell studies. MDSCs tend to differentiate into muscle cells and muscle tissue in the absence of specific differentiation-induction, and differentiate into bone cells, cartilage cells, smooth muscle cells, endothelial cells, and neurons in vitro when specific interventions are performed (Gates et al. 2008; Smaldone et al. 2009 ). Therefore, MDSCs are valuable in treating muscular dystrophy (Ambrosio et al. 2009 ), heart disease (Shibuya et al. 2010) , stress urinary incontinence (Stangel-Wojcikiewicz et al. 2010) , neurogenic bladder (Nitta et al. 2010) , bone disease, and central nervous system disease (Matsumoto et al. 2009; Xu et al. 2010) . Nolazco et al. (2008) infused MDSCs into penile corpora cavernosa of old rats and observed that they differentiated into smooth muscle cells, resulting in significant improvement of erectile function. In addition to muscle disorders, diseases of the nervous system or endothelium are also the main causes of ED. Since MDSCs can differentiate into muscle, endothelial, and nerve cells, they might serve as a promising tool for the treatment of ED. According to Huard et al. (2003) , MDSCs possess the biological characteristics of low adhesion, round shape, small size, high refractive index, and low proliferation rate. After 48 h of culture, cell attachment was accomplished and the cells gradually expanded into a polygonal shape. Regardless of the passage number, the cell proliferative activity remained high. In the present study, the cellular morphology, attachment time, and growth features were similar to the aforementioned MDSC characteristics reported by Huard et al. (2003) .
In our study, penile corpora cavernosa MDSCs were co-cultured with smooth muscle cells that were isolated and identified simultaneously. DAPI labeling was performed on the isolated MDSCs. We found that the growth activity of the MDSCs before and after DAPI staining remained unchanged, and that the in vitro tracer test demonstrated a 100 % DAPI staining rate. After 2 days of co-culture of the isolated MDSCs and smooth muscle cells, immunofluorescence cytochemistry demonstrated that the specific marker of smooth muscle cells, a-SMA, was expressed in the labeled MDSCs, while no a-SMA expression was detected in the control group. Therefore, we believe that the induction of MDSC differentiation into smooth muscle cells was achieved successfully in co-culture. The theoretical basis might be that, in a microenvironment containing abundant smooth muscle cells, differentiation of MDSCs will be induced by the interactions between the cells and the growth factors produced by the target cells.
However, further studies are needed regarding the differentiation of MDSCs into other cell types and MDSC transdifferentiation, which will be the focus of our future work. Like other adult stem cells, MDSCs have the ability to proliferate endlessly and differentiate into cells from different germ layers (Choi et al. 2012; Kwon et al. 2011; Ota et al. 2011) . Therefore, MDSCs can differentiate into specific cell types under specific circumstances and play a role in the treatment of diseases such as ED (Usas et al. 2011) . However, the exact mechanisms of MDSC self-renewal, selective differentiation, and activation remain unknown. Therefore, these issues will be the focus for our future studies. We believe that the proliferation and differentiation of endogenous penile corpora cavernosa MDSCs can be stimulated by regulation of their activity, and the impaired or dysfunctional cells of corpora cavernosa tissue can be displaced and, consequently, penile erectile function will be improved. The results of this study provide the basis for future research regarding a promising new ED treatment.
